Abstract-Atomic force microscopy (AFM) has proven to be a powerful tool for imaging the topographic properties of biological samples and measuring the molecular specific binding forces at cellular and molecular levels. However, there are still great difficulties in using AFM to acquire images of mammalian suspension live cells due to the suspension growth manner and the softness of the cell membrane. In this paper, lymphoma live cells were trapped in microfabricated patterned pillars and then imaged by AFM in phosphate buffered saline (PBS) solution. In addition, the CD20 distribution on the lymphoma cell surface was visualized three-dimensionally by tethering rituximabs (anti-CD20 monoclonal antibody) onto the AFM tips. The experimental results indicate that immobilization with microfabricated patterned pillars provides a novel way for anchoring suspension mammalian cells, opening the way for further investigation of the molecular mechanisms of rituximab's anti-cancer effect.
Atomic force microscopy (AFM) [1] is a member of scanning probe microscopy (SPM) and has been widely used in life sciences, providing a new technology for characterizing the behavior of single cells and single molecules under native conditions. AFM constructs the image of the sample by rasterscanning a sharp tip directly over the sample surface. The unique capability of working in fluids makes it possible to observe the dynamic physiological processes of live cells [2] and native protein molecules [3] with the use of AFM. The application of AFM in life sciences during the past decade has proven that AFM is a powerful versatile single-molecule tool for visualizing the surface morphology of native biological samples and the measuring the fundamental physiological interactions at cell and molecule levels under nearphysiological conditions [4] [5] [6] [7] [8] [9] .
Non-Hodgkin's lymphoma (NHL) is a common malignant tumor that constitutes 4-5% of all tumors [10] and approximately 85% of NHL in adults is of B cell origin [11] . The treatment of B-cell lymphomas was revolutionized by the approval of targeted drug rituximab in 1997. Rituximab is a chimeric monoclonal antibody (mAb) composed of murine variable regions and human IgG1 constant regions. The effect target of rituximab is CD20. CD20 is a tetra-spanning membrane protein and has 297 amino acids. CD20 is highly expressed on >90% of B-cell lymphomas and rarely on stem cells and plasma cells [12] . The high level of CD20 on B cells allows dense accumulation of mAb on the plasma membrane which appears important for complement-dependent cytotoxicity (CDC) and researches indicate that CD20 density provides the best correlation with CDC [13] . Hence investigating the CD20 distribution on lymphoma cells under near-physiological conditions with single-molecule techniques will be of great fundamental significance.
Characterizing the morphology of live cells with high resolution is the basic application of AFM in life sciences. Due to the influence of its work principle, the prerequisite of imaging live cells is that cells should be tightly immobilized onto a flat support in order to prevent the displacement caused by the scanning probe [14] . For the problem, two methods has been proposed, poly-L-lysine and porous filter membrane [15] . However, the types of live cells that can be imaged by AFM are limited, mainly microbial cells [2] and adherent mammalian cells [5] . Due to the suspension growth manner and the softness of the cell membrane, imaging suspension mammalian live cells is challenging and has not been largely reported.
Single-molecule force spectroscopy (SMFS) can be used to detect receptor-ligand specific recognition. In this method the ligands are bound to the AFM tip and the receptors are bound to the support surface. The earliest researches with SMFS can be dated back to the middle period of 1990s. Florin et al [16] measured the biotin-avidin binding force in 1994, and Hinterdorfer et al [17] measured the binding force between the human serum albumin (HSA) and anti-HAS in 1996. Thereafter, various types of molecular specific binding were investigated with SMFS and the research trend is from detecting the specific recognition of receptors immobilized onto the substrate to directly detecting the specific recognition of receptors on the cell surface.
In this work, microfabricated patterned pillars were used to immobilize lymphoma cells for being imaged by AFM, and the CD20 distribution on the lymphoma cell surface was visualized by scanning a local area of the lymphoma cell surface with the rituximab-conjugated tips at lift scan mode.
II.MATERIALS AND METHODS

A. Microfabricated patterned pillars
The height of the pillars is 5 m, and the diameter of the pillars is 10 m. The distance between two pillars is 10 m.The Cell is trapped by four pillars for being imaged by AFM (Fig.1) . The material of photo mask is glass and the diameter of photo mask is 100mm.The pillars are fabricated on a silicon substrate (the height is 525 m and the diameter is 100mm) by photolithography. 
B. Sample preparation
The Burkitt's lymphoma cells from Raji cell line were used in this study. The cells were cultured at 37 (5%CO 2 ) in RPMI-1640 culture medium containing 10% fetal bovine serum. The sample preparation was as followed: Dilute 0.1% poly-L-lysine 10 times with deionized water and then drop the poly-L-lysine dilution onto the pillars and stored overnight. Add 5ml of cell suspension into an eppendorf tube and centrifuge 5 minutes at the speed of 1000 r/min. Remove the supernatant and add fresh PBS to stir the solution and drop the solution onto the pillars. Attach the pillars to a glass slide using a small piece of double-sided adhesive tape and then put the glass slide into a Petri dish in PBS for being imaged by AFM.
C. Tip functionalization
The heterobifunctional linker N-hydroxysuccinamidepolyethylene glycol-Maleimide (NHS-PEG-MAL) [18, 19] was used to tether rituximabs onto the AFM tip. This linker has an NHS ester on one end and a MAL ester on the other. The NHS end reacts with amines on the silicon tip, yielding a stable amide bond. The MAL group reacts with a protein thiol resulting in a disulfide linkage between PEG and protein. The tip functionalization process followed an established procedure [20] . The aminopropyltriethoxysilane (APTES) and NNdiisopropylethylamine were used to coat the tip with amino groups in a glass dessicator under argon for 0.5-2 hours. Mix the crosslinker and triethylamine in CHCl 3 and place the NH2-modified tips into this solution for 2-3 hours. Rituximabs were treated with N-Succinimidyl 3-(Acetylthio) propionate (SATP) to form thiol functions. Finally the tips were put in the mixture of SATP-rituximab, hydroxylamine and buffer solution (pH 7.5) for 1 hour. The functionalized tips were stored in PBS at 4 .Rituximabs were obtained from Chinese affiliated hospital of military medical academy of sciences. The NHS-PEG-MAL linker molecules were purchased from JenKem Company (China).The reaction reagents were purchased from SigmaAldrich Company (USA).
D. AFM imaging
AFM imaging were performed using a Nanoscope VI Dimension 3100 AFM (Veeco company) and oxide-sharpened Si 3 N 4 tips (type:DNP-S with a radius of 10-40 nm). The triangular cantilever with a normal spring constant 0.12N/m (205 m long and 40 m wide) from a set of four on the cantilever chip was used in the measurements. The spring constant was calibrated using a Thermal Tune Adapter (Veeco Company). The probe was localized onto the cell surface with the assistance of a charge-coupled device (CCD) camera. The experiments were performed at tapping mode in PBS. The driving frequency is ~9 kHz and the scan rate is 0.5Hz.
E. CD20 distribution measurement
The experiments of measuring the CD20 distribution on lymphoma cells were performed with the functionalized tip at the lift mode (Fig.2) . In this mode, the main trace is first made to typically measure the topography, and then the lift trace is made along the main trace to extract the CD20 distribution information from the topography of the main trace. The scan size is 1 m and the scan rate is 2Hz. The binding of CD20-rituximab can induce the abrupt change (often in the form of dark spots) in the phase image of the lift trace and these changes reflect the CD20 distribution on the cell surface. The lift height is the distance between the main trace and lift trace and is comparable to the length of the PEG linker molecule. Fig.2 Lift scan mode principle. The main trace was to obtain the topography of the cell surface and the lift trace was to obtain the CD20 distribution information by specific recognition between the CD20 on the cell surface and the rituximab on the AFM tip. The lift height is comparable to the length of the PEG linker molecule.
III. RESULTS AND DISCUSSION
Using AFM to obtain the topography image of live cells has been discussed for more than 20 years and great progress has been made. The prerequisite of imaging live cells in fluids is to attach them onto a flat support (such as glass) to withstand the lateral force exerted by the scanning tip. For those adherent cells, the most commonly used method is to directly culture them on a glass support for about 1~2 days and these cells can adhere to the support tightly [14] . Sometimes in order to enhance the cell adherence, adhesion proteins such as poly-Llysine are coated onto the substrate [5] . For those microbial cells which can not spread over solid substrates, one method is by coating the substrate with poly-L-lysine [21] , and the other method is by mechanically trapping with the use of porous polymer membranes [2, 15] . However, the porous membrane method is generally suited for the sphere-shaped microbial cells. For the mammalian suspension cells, Rosenbluth et al [22] used microfabricated wells to mechanically immobilize leukocytes. However, imaging mammalian suspension live cells is still challenging and the quality of the AFM images needs to be improved.
The AFM images of lymphoma cells were shown in Fig.3 . The height image was shown in Fig.3A . The phase image was shown in Fig.3C . The amplitude image was shown in Fig.3E . The three-dimensional height image was shown in Fig.3G . We can see that a cell (denoted by the red arrow in the inset in Fig.3A) was trapped in the middle of the four pillars. To image the topography of the local area on the cell surface, the scan size was zoomed into 4 m (denoted by the red rectangle in Fig.3B ). The height image of the local area was shown in Fig.3B . The phase image of the local area was shown in Fig.3D . The amplitude image of the local area was shown in Fig.3F . We can see the corrugated morphology of the cell surface.
There are now two main methods for characterizing the protein distribution on the cell membrane. One is by using simultaneous topography and recognition imaging (TREC) [23] method. In this method, a magnetically oscillated tip carrying a tethered ligand is scanned over the cell surface. The cantilever oscillation is split into lower and upper parts, resulting in simultaneously acquired topography and recognition images [23] . The other method is by force curve gray mapping [24, 25] . In this method, the functionalized tip is used to obtain an array of force curves (16 16 ) in a local area(400 400nm). The ligand-receptor binding forces computed from these force curves are mapped into a two-dimensional gray image and the gray image reflects the protein distribution on cell surface.
The CD20 distribution on the lymphoma cell surface was visualized by scanning a local area of the lymphoma cell surface with the rituximab-conjugated tips at lift scan mode, as shown in Fig.4 . The scan size is 1 m. The PEG length in the experiments is ~20nm and hence the lift height is set to 20nm.The phase image of the main trace was shown in Fig.4A . The phase image of the lift trace was shown in Fig.4B . The three-dimensional image of Fig.4B was shown in Fig.4C . We can see that there are many dark spots in the phase image of the lift trace. From the three-dimensional phase image of the lift trace, we can see there are many peaks (denoted by red arrow). These dark spots and peaks reflect the distribution of CD20 on the lymphoma cell surface. In summary, the efforts in the past decade indicated that AFM is a suitable and powerful tool for characterizing the behavior of single cells and single molecules under nearphysiological conditions, revealing the information of single cells and single molecules which was inaccessible by traditional in vitro measurements. In this work, microfabricated patterned pillars were used to immobilize lymphoma cells and the AFM images of the lymphoma live cells were acquired. The experimental results indicated that the pillar is an efficient device to immobilize suspension cells for being investigated with AFM. In addition, the distribution of CD20 on the lymphoma cell surface was visualized three-dimensionally by scanning the local area of the cell surface with the rituximabconjugated tips at lift scan mode. These results will facilitate further investigation of the molecular mechanism of the efficacy of rituximab. 
